Street reverberation can strongly increase sound pressure levels in urban streets. In noise mapping models on the other hand, including a sufficient number of reflections is computationally very costly. A simple regression model is developed in this study, based on typical street width and façade height or façade roughness in old city centers of many European cities. This model is based on measurements with a mobile setup in 99 streets in the city of Ghent, Belgium, representative for common European city morphology. The reflection ratio (RR) is used as a parameter to determine the energy contained in the reverberation part of the sound field. The model has been successfully validated by detailed measurements at different source-receiver distances in an urban street canyon.
I. INTRODUCTION
Sound propagation in urban street canyons is strongly influenced by multiple reflections in between building façades, leading to an important amplification of the sound relative to open terrain. This effect is important since the acoustic properties of the materials appearing in streets (concrete, bricks, windows, etc.) are close to acoustically rigid.
As a consequence, this leads to increased sound pressure levels, and to increased reverberation times 1, 2 . Both aspects can be linked to an increased negative perception of noise.
Street reverberation can be noticed especially for the case of a single passage of a motorized vehicle.
Realistic street geometries can be rather complex. It is expected that when streets are very wide, or the amount of open spaces in between buildings bordering the street is large, this enhancement will be much smaller. Furthermore, the effect of the finite length of streets, and the presence of cross-streets could potentially influence this reverberation gain. Also, scattering at building façade irregularities, building up diffuse sound fields in urban streets, is known to be an important aspect of urban street acoustics [3] [4] [5] [6] [7] [8] . For narrow street canyons, interference effects play a significant role 9 .
Noise maps are nowadays an important management tool for abating noise. However, producing urban noise maps comes at a high computational cost, mainly due to the large spatial extent one usually aims at. The use of simplified models, like e.g. ISO9613-2 10 , does not relax this to a sufficient degree. As a practical, but inaccurate solution, the number of reflections is commonly reduced to only a few.
In this study, it is investigated to what extent the gain in sound pressure level due to the multiple reflections between building façades (and on the street surface) can be approached by simplified models, taking into account street dimensions and street characteristics only.
The final goal, which is not the subject of this paper, is to use such a model to produce urban noise maps: only direct contributions from the source to the receiver points should then be a) Electronic address: pieter.thomas@intec.ugent.be considered, and the street amplification is added afterwards. The potential application of such a model is illustrated by means of a set of measurements performed in a real street.
A ray-tracing based approach has been used by Heutschi 11 to derive a simplified model of 'building correction' for a number of typical street geometries. Relevant parameters were the height of the façades, width of the street canyon (distance between the façades), the absorption coefficient of the façades, the degree of diffusion for reflections from the façades, and the source and receiver position. A correction was proposed for interrupted rows of buildings bordering a street. Here, a study with a similar purpose has been performed, which is now based on a large set of in-situ measurements in urban streets with a dedicated measurement setup. A model of similar complexity as in Heutschi's work is aimed at.
This paper is organized as follows. In section II, the measurement setup to determine the acoustical parameters in street canyons is described. The reflection ratio will be defined in section III: a prediction model for this parameter will be given, based on geometrical and architectural characteristics. With the reflection ratio, an estimate of the course of the sound pressure level along the length of a street canyon can be made. A description of the model and validation in a real street canyon is given in section IV.
II. MEASUREMENT SETUP
In order to be able to draw statistically relevant conclusions regarding the acoustical behavior of street canyons as a function of geometry, a vast amount of different streets needs to be investigated. This requires fast and easy impulse response measurements that do not disturb the traffic for too long. Therefore, the measurement setup was mounted on the roof of a car (Fig. 1 ). This setup contains an omnidirectional source with twelve speakers positioned on a dodecahedron. The source is mounted on the middle of the roof. Two is placed at 2.48 m at each side of the source.
A. Impulse response extraction
As measurements will take place in noisy outdoor environments, the choice of the excitation signal is critical. Therefore, a 30 s long exponential sweep with frequency span covering the 63 Hz to 16 kHz octave band was used. Since this type of signal excites only one frequency at a time, full sound power can be applied for each frequency, leading to improved signal to noise ratios compared to noise based techniques, where sound power is to be distributed over all frequencies 12 . Furthermore, as the increase of frequency is exponential, each octave band contains an equal amount of energy. To increase the signal to noise ratio even more, the emission levels can be raised and averaging techniques can be applied.
The impulse response is calculated from the spectral division between the recorded and emitted sweep. In this paper we will focus on an octave band analysis of the parameters.
For the octave band decomposition, a filter bank is used with 8th-order Butterworth octave band filters, following the ANSI S1.11-2004 standard 13 .
As the band filtered impulse responses are likely to be contaminated with noise due to the outdoor environment, degenerating the quality of extracted parameters, start and endpoints need to be estimated 14 . The start point of the response is given by the time when the levelfunction of the impulse response, calculated by using the backwards integration technique 15 , starts to decay. The endpoint or truncation point is estimated as the intersection between the decaying slope and averaged background noise level of the time-averaged squared band response 16 .
B. Reflection ratio RR(t 0 )
From the band filtered responses, several (room) acoustical parameters can be extracted.
Also, in an urban environment, such parameters were shown to be useful to characterize the sound field 17, 18 . In this work however we will focus on the reflection ratio RR(t 0 ), a parameter which will prove to be useful for simplified noise map calculation:
The reflection ratio is the ratio of the sound energy of reflections arriving at the listener between time t 0 and +∞ and the energy of the sound arriving from start to time t 0 and is extracted from the impulse response h(t). The parameter is very useful when the sound intensity level of the direct sound or early sound field, L early (t 0 ), is known, since the level of The arrival of early reflections, relative to the direct sound, can be noticed by sudden drops in the curve at multiples of the street width travel time (16 ms).
2 depicts the typical course of the reflection ratio in function of t 0 for the different octave bands in a 5.4 m wide street. The curve decays each time a reflection arrives at the listener, raising the energy in the denominator of RR(t 0 ). In the early part of the reflection ratio, a stepwise decay is clearly visible, as the early sound field is built up out of discrete reflections from the façades. For higher t 0 , the decay of RR(t 0 ) is smoother as multiple reflections in the reverberant sound field arrive more continuously.
Assuming an image source model for geometrically reflecting façades 5 , it can be deduced that the steps of RR-decay are approximately located at multiples of the travel time between two opposing façades. For a simple model, with source and receiver at the same height in between two reflecting façades, the energy of the first reflection is given by:
with α the absorption coefficient of the façades, w the street width and ∆ ref the sourcereceiver distance. This expression can be generalized for the n th reflection as:
The travel time needed for the n th reflection to arrive at the receiver is given as t n th = c −1 The average reflection ratio at the front end and rear end, together with the standard deviation, is plotted in Fig. 3 as a function of dividing time t 0 . For the lowest octave band (63 Hz), the standard deviation becomes too large (≈ 5 dB and even > 7 dB for t 0 > 80 ms).
This is due to the source, which is not suited to reproduce such low frequencies. Measurements at this octave band will not be taken into consideration.
For the other octave bands, the standard deviation for front and rear measurements remains limited to maximal 3.5 dB, even for high values of t 0 . In general, both front and rear reflection ratios are alike and the small offset between front and rear (approx. 1.2 dB) remains within the standard deviation. However, for measurements in the 500 Hz and 1 kHz octave band, the difference between the average front and rear reflection ratio becomes higher (2.2 dB @ 500 Hz and 4 dB @ 1 kHz). It is concluded that the shape of the car has some (small) influence at the 1 kHz (and 500 Hz) octave band. For further analysis this will not be accounted for and the averaged reflection ratio over front and rear reflection ratios will be used. Furthermore, as will be shown, the reflection ratio measured at the open field proves to be much lower than the different reflection ratios measured in urban streets. Thus, the influence of the car and measurement setup is small compared to the influence of the acoustics of urban streets and it is assumed that the measured reflection ratio is mainly determined by the acoustics of the street. For the reflection ratio, RR(t 0 ), the dividing time t 0 is chosen so that only the direct sound is contained in the denominator, while the energy of all reflections is contained in the numerator. In this way, the energy of the reflections can be derived from the energy of the direct sound. A dividing time t 0 of 12 ms is chosen as a compromise between being able to measure RR(t 0 ) in small streets and being able to ignore free field effects of the measure- were noticed, so it was decided to keep category 1 (57 counts), renamed as category A, and combine category 2, 3 and 4 (42 counts) into category B. Although this is a rather crude approach, it allows studying whether including façade scattering increases correlation coefficients of the models.
III. STREET REFLECTION RATIO MEASUREMENTS

Regression analysis based on street width
A very strong correlation between street width and reflection ratio was noticed. In order to maximize model fit, it is opted not to use the raw street width directly as input variable in a linear regression, but instead to use a simplified theoretical model for the reflection ratio (RR 1 st (w)), assuming geometrically reflecting boundaries: For the simplified model of RR 1 st (w), only the direct sound and first reflections on both façades (given the measurement car is located in the center of the street) are taken into account:
= 10 log 10 2∆
with ∆ ref the distance between the source and receiver (2.48 m) and w the street width. An upper bound for RR(12 ms) can be calculated based on the image source model for geometrically reflecting boundaries. In order to calculate an upper limit RR max , the energy contained in all reflections, including the ground reflections, needs to be summed. Eq. 3 describes the energy contained in the n th reflection, calculated by only considering the street façades. In a similar way, the energy contained in the n th ground reflection can be calculated as
with H ref = 2.36 m, the height of the source and receiver and α the absorption coefficient of the ground surface. With Eq. 3 and Eq. 7, the upper bound can be modeled as
If perfectly reflecting façades are assumed (α = α = 0), this equation can be written as
with g
For low and mid frequency octave bands, RR max , together with RR 1 st define a close interval to which RR(12 ms) is confined. For the high frequency octave bands, reflections are more attenuated by (air) absorption and RR max becomes much higher than the measured values.
Furthermore, it is seen that RR max tends to saturate for increasing street width as the energy contained in the sums of Eq. 9 becomes smaller, relative to the energy contained in the direct sound and first ground reflection E 0,gr . In reality however, this first ground reflection will be less pronounced due to the presence of the car, but is included to show the upper limit.
Multiple regression analysis
In the previous section, only street width was used in the model. Although this model was already very satisfactory, this section will investigate if inclusion of other parameters (height of the street and façade roughness) can lead to further improvements.
Analysis of variance showed that height and façade roughness were not statistically independent (F-value 22.5, p << 0.01). This is not surprising, as in urban streets buildings are more likely to have more balconies (and higher degree of façade roughness) when building height increases. For this reason, both parameters cannot be used simultaneously as input variable in a multiple regression model. However, it is interesting to investigate the dependency of reflection ratio on building height and façade roughness. As both parameters are not necessarily known, it is decided to create two models, based on multiple regression analysis on the measured reflection ratio, with the simplified reflection ratio RR 1 st (w) (including street width) and one of both dependent parameters as input variables. Based on available data (either height or façade roughness), the appropriate model can then be selected.
In table I increase of attenuation was noted, whereas for positions close to the source, a small increase in SPL was seen due to backscattering effects. The tendencies found here are however statistically significant at frequencies where this is expected. Table II gives the resulting coefficients from the multiple regression analysis for each octave band with RR 1 st (w) and the average height as input variables:
This model has similar performance as the previous model. As average height and the categorization of façade roughness proved to be related, similar conclusions can be drawn.
Starting from the 1 kHz octave band, the contribution of the average height becomes significant (p < 0.05). At all octave bands, except at 125 Hz, the model implies that the average height has a positive influence on the reflection ratio. Indeed, increasing the height of the street enables more reflections to backscatter, raising RR(12 ms).
Model performance
This section describes the performance of the derived model by comparing the predicted reflection ratio with the measured reflection ratio. The model discussed here, is the one described in Table II , based on multiple regression analysis of RR 1 st (w) and the average height. This model is chosen as the average height is based on objective measurements, in contrast to the more subjective categorization of façade roughness. A comparison based on research from Heutschi 11 will also be made.
To incorporate the effect of the buildings, Heutschi defined the building correction BC SR as the ratio of total energy to the energy of the direct sound for a given source-receiver position.
Based on extended ray tracing simulations, he derived a set of simple formulas, depending on the degree of diffusion, to estimate BC SR . For general use however, a diffusion coefficient of d = 0.2 was proposed 11 . Under this condition, BC SR is modeled as follows:
with h the façade height, w the street width and d SR the source-receiver distance.
From BC SR we can easily calculate the corresponding reflection ratio:
RR Heutschi = 10 log 10 10
Fig. 7 depicts a comparison of the different models and the measured reflection ratio.
The measured reflection ratio (•) at all 99 locations is plotted against the model based on RR 1 st (w) and average height at these locations. If the model is accurate, data should be on a straight line (1:1 mapping). Fig. 7 shows that this condition is fairly met. Only a limited part of the data points deviate from this line, but the highest deviation is less than 5 dB.
When comparing the reflection ratio derived from Heutschi with the modeled reflection ratio, it is seen that RR Heutschi slightly underestimates (≈ 2 dB) the modeled and measured reflection ratio for frequencies below the 2 kHz octave band. In the 16 kHz octave band, RR Heutschi delivers slightly higher prediction for the reflection ratio at low values. It should however be noted that the model based on RR 1 st (w) and average height incorporates frequency dependencies, while this is not the case in RR Heutschi .
IV. PREDICTING SOUND PRESSURE LEVEL BASED ON THE REFLECTION RATIO.
In the previous section, a model for the reflection ratio has been created, based on an extensive measurement campaign. Here, it will be shown how the model can be used to predict sound pressure levels in a street canyon.
A. General model for the SPL in a street canyon
The energy of the direct sound (free field conditions) can be expressed as
with r the source-receiver distance. Furthermore, in a street canyon, the reverberant energy can be approached by
with r xz the projected source-receiver distance on the plane along the canyon, parallel with the façades. Propagation from a point source in between reflecting planes (here façades)
can be considered as the geometrical divergence of a (badly discretized) line source. This corresponds to an energy decay of one over the distance at sufficient distances from the source.
Assuming that all distance dependence is captured by Eq. 15 and Eq. 16, the ratio of proportionality factors A 0 becomes distance independent, yet not frequency independent.
A 0 can be related to RR(12 ms) by calculating the ratio of reverberant to direct field at the reference distance:
RR(12 ms) = 10 log 10 E rev E dir (17)
The reflection ratio at the reference source-receiver distance (∆ ref = 2.48 m) can be estimated from the multiple regression model, based on the street width and average height.
Given the reference source-receiver position along the canyon axis (r = r xz = ∆ ref ) and RR model , an estimate for A 0 can be extracted:
With Eq. 19, the course of the total sound pressure level in a street canyon is calculated as
with E dir the energy of the direct sound and b a correction factor, related to the source position relative to the ground. When the source is close to the ground, free field conditions are no longer valid, and an important ground reflection will be contained within the scope of the direct field (t < 12 ms). This ground reflection is then not covered in the reverberant energy. Therefore, the direct energy, as defined by Eq. 15, will be extended with an additional ground reflection when the source is close to the ground. By using an image source for the ground reflection, the early soundfield can be calculated for each frequency as
with k the wave number, r the source-receiver distance and r the distance between the mirrored source and receiver. E dir is then calculated by summing the energy over the frequency bands:
The proximity of the ground also influences the energy contained in the reverberant field.
Therefore, a correction factor b is introduced, ranging between one (free field conditions) and two (source located at groundlevel and in case of a rigid street surface). A value in between one and two might be used in case of absorbing street surfaces.
B. Model validation in a real street canyon
In order to validate the proposed model, measurements of the sound pressure level in a real street canyon have been performed. Measurements in this street were not considered to build up the regression model. The selected street canyon is the 'Gustaaf Magnelstraat', a 105 m long and 10.7 m wide street. The average height is estimated at 17 m. The street was completely blocked for traffic during the measurements (Fig. 8) . Only a few parked cars were present.
An omnidirectional source was positioned in the center of the street, 30 cm above the asphalt, emitting a single 12 s long exponential sweep. Receiver locations were chosen at multiples of 10 m from the source, measured along the canyon axis, at 1.8 m height. Two difference in course between the predicted SPL, based on the two different models for RR, is negligible after normalization. Only at the high frequency octave bands, a small difference (< 1 dB) in SPL is seen. However, it must be noted that a frequency dependent offset exists between both SPL predictions (which is not seen due to the normalization), caused by a different estimate of RR. At low frequencies, these estimates differ approx. 0.3 dB, while at high frequencies a difference of approx. 1.5 dB exists.
In contrast to the predicted SPL, the measured SPL has a non symmetrical course, with higher values for the left end of the street (x ≤ −10 m), that might be caused by some parked cars and a large façade depression near x = −12 m (Fig. 8) . The larger density of the cars parked at both sides of the left could virtually decrease the street width, giving rise to an increase of the measured SPL (see section IV.C). This effect is not seen at the 8 kHz octave band, as the SPL is much lower than at the right end. For these high frequencies, the cars could act as large scattering objects, scattering part of the sound energy out of the street, consequently lowering the SPL. Differences up to 3.5 dB were noted between positions left and right from the source at the same source-receiver distances.
Despite the asymmetric course of the measured sound pressure level, the predicted SPL still proves to be a good approximation. For the low and mid frequency octave bands, the differences between the predicted SPL and measured SPL are lower than 2 dB.
For the high frequency octave bands (4 kHz and 8 kHz), the measured SPL is slightly overpredicted near the ends of the street only.
C. Influence of street width and height on predicted SPL
This section investigates the dependency of the proposed SPL-model on the street width and average height. Based on Eq. 20, Eq. 19 and Eq. 12, the fluctuation of the total energy in function of street width can be calculated mathematically:
If we approximate the energy of the direct soundfield by E dir = b 4πr 2 (no interference effects) and take r = r xz for source and receiver in the middle of the street, the derivative can be simplified to:
Since the coefficient A is always positive (Table II) , Eq. 25 is always negative, which proves that the SPL is inversely proportional with the street width: increasing the width reduces the SPL. Furthermore, the change of total energy in function of width is bigger for changes relative to small street widths and positions further from the source as the magnitude of the derivative increases with decreasing street width and increasing distance r xz .
In an analogue way, the variation of the SPL on the average height (H) can be calculated as well:
Again, E dir is approximated by E dir = b 4πr 2 and r = r xz , simplifying the derivative:
Eq. 28 proves that an increase of average height generally leads to an increase of SPL. For positions further from the source, the change of the SPL in function of the average height is bigger than for positions close to the source. The same conclusion can be drawn when changing the average height: relative to large heights, the change in SPL will be bigger than for low values (because of the factor 1/10 RR/10 in the denominator). However, the effect of the average height on the derivative will be rather small, given the model coefficient B < 0.2.
In order to give a more quantitative estimation of the influence of the width and average height on the predicted sound pressure level, a simulation is made for the source-receiver setup of the Magnelstraat with virtual street widths and heights. Based on a few geometrical parameters such as street width, average height and façade roughness, a prediction model is proposed to estimate the reflection ratio. It is found that the reflection ratio highly correlates with the street width (i.e. the simplified reflection ratio To illustrate the use of the reflection ratio, a model for the total sound pressure level in a street canyon has been developed, where the ratio between direct sound energy and reverberant energy is extracted from the reflection ratio. The model has been verified with additional measurements in a city street canyon for different source-receiver positions. Although sound pressure measurements indicated that the distribution of sound energy was not symmetric around the street center, the model was still able to roughly predict the course of the sound pressure levels, solely based on reflection ratio. Additionally, the influence of changes in the street width and average building height on the predicted SPL has been investigated.
In this work the potential of the reflection ratio to be used in urban noise map calculation has been illustrated. Once the direct sound energy contribution is known, the increase by street reverberation can be estimated. In this way calculation cost can be strongly reduced, without loss of accuracy. Furthermore, the reflection ratio can be easily predicted, based on simple geometrical street characteristics only. 
